Indoor air quality has become a growing concern as people are spending more time 17
systems, however, require further development before they become competitive with 23 industry standard in-room air filters. Whilst the plant growth substrate in active 24 biofilters can act as a filter medium, it was previously not known whether the plant 25 component of these systems played a function in PM filtration. This study thus 26 examines the influence of the botanical component on active green wall PM single 27 pass removal efficiency (SPRE), with a focus on evaluating the air filtration features 28 of different plant species in green wall modules. All tested botanical biofilters 29 outperformed biofilters that consisted only of substrate. Green walls using different 30 plant species had different single pass removal efficiencies, with fern species 31 recording the highest removal efficiencies across all measured particle sizes 32 (Nephrolepis exaltata bostoniensis SPRE for PM 0.3-0.5 and PM 5-10 = 45.78% and 33 92.46% respectively). Higher removal efficiencies were associated with increased 34 pressure drop across the biofilter. An assessment of plant morphological data 35 suggested that the root structure of the plants strongly influenced removal efficiency. The study uses a modular green wall described by Irga et al. [38] . The system 141 consists of a 0.25 m 2 polyethylene module with 16 holes on the front face from which 142 plants grow. Airflow enters the system via an electric axial impeller that draws air 143 through the rear of the system and returns it to the indoor environment through the 144 planted surface. The study assessed seven plant species ( 
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Species name Common name
Clade Image

Chlorophytum orchidastrum
Fire flash Monocot
Ficus lyrata Fiddleleaf fig Eudicot
Nematanthus glabra Goldfish plant
Eudicot
Nephrolepis cordifolia duffii
Lemon button fern Monilophyte
Nephrolepis exaltata bostoniensis
Boston fern Monilophyte
Schefflera amate Umbrella tree Eudicot
Schefflera arboricola Dwarf umbrella tree Eudicot
Single pass removal efficiency (SPRE) 155 156
A sealed Perspex chamber (0.6 × 0.6 × 0.6 m; 216 L) was used in these 157 experiments ( Figure 1 ). To allow the placement of green wall modules into the 158 chamber, one of the sides of the chamber was removed and sealed again after module 159 placement with adhesive foam rubber and adjustable metal clamps. Ducting was fixed 160 to the centre of one side of the chamber. The fitted ducting led to a combustion 161 chamber in which PM was generated by burning 4 µL of filtered retail-grade diesel 162 fuel (Shell) absorbed onto a 1 cm 2 536:2012 80 gsm square of paper. The generated 163 PM flowed through the fitted ducting with active airflow provided by an axial 164 impeller (FANTECH TEF-100 fan 16W) housed within the ducting, before flowing 165 through the green wall module where pollutant-containing air is dispersed across the 166 back of the biofilter by the module's plenum. A fan within the Perspex chamber 167 encouraged dispersion of the filtered airflow throughout the chamber to reduce 168 precipitation of particles before exhaust into another ducting system fixed to the 169 opposite side of the chamber, which led to an additional chamber containing a laser 170 nephelometer (Graywolf PC-3016A, Graywolf Sensing Solutions, Connecticut, USA) 171 to record average particle density and size distribution of the filtered airstream. Air 172 was exhausted to waste through a vacuum exhaust after sampling. Trials for each 173
replicate were recorded for 10 minutes, which was sufficient time for the PM 174 concentration to return to ambient levels for all treatments. For each replicate, average 175 PM concentration was recorded for five mutually exclusive PM fractions: PM 0.3-0.5, 176
PM 0.5-1.0 , PM 1.0-2.5 , PM 2.5-5.0 , and PM 5.0-10.0; as well as total suspended particles (TSP).
177
An a priori power analysis was conducted utilising pilot data to determine that a 178 sample size of 15 independent replicates per treatment was adequate to provide 179 meaningful comparisons at alpha = 0.05. 
184
Biofilter trials were compared to control data obtained using the same process 185 without any green wall module in the chamber. This procedure was replicated 27 186 times to provide an accurate measure of PM distribution and concentration from our 187 PM generation method (supplementary This resulted in an image with the roots in black and the background in white. The 215 scale of the pixels in each image was calculated through the inclusion of objects with 216 a known surface area randomly dispersed throughout the Perspex sheets, further 217 validating equal scale across the entire image. With the scale set, the total pixel matrix 218 occupied by the root image produced a two dimensional root surface area and this 219 value was multiplied by π to obtain a total root surface area (roots were assumed to be 220 cylindrical). Leaf area was obtained using a similar image analysis without this 221 calculation. 222 223
Pressure drop 224 225
Pressure drop is the resistance to airflow across each biofilter module. The 226 pressure drop for each treatment was determined by flowing air through the biofilters 227 with a FANTECH TEF-100 inline axial fan, which was fitted to a 100 mm ducting 228 connected to the rear inlet of the biofilter module. This is the same fan that was used 229 to generate active airflow during SPRE experiments outlined in section 2. information derived from the similarity matrix, and is thus highly flexible for different 259 data types. As the nMDS plot is a simple representation of the relationship between 260 samples in the multivariate space created by the axes, interpretation should be made 261 based only on the spatial distance between sample points, where proximal points are 262 similar based on the combined variability in the data set, and distant points are variant 263 based on one or more of the variables. To determine if there were general 264 morphological differences in anatomy and structure between plant species that may 265 influence PM removal efficiency, a multivariate analysis of similarities (ANOSIM) 266 was conducted (PRIMER-E Ver 6.1.6, Primer-E Ltd) using the plant structure 267 variables. To identify which variables made the greatest contributions to the 268 differences between plant species observed in the ANOSIM, a similarity percentages 269 analysis (SIMPER) was conducted.
270
The influence of pressure drop on SPRE was tested using an ordinary least 
293
A nMDS ordination revealed clear differences between plant species based on 294 their morphological characteristics (Figure 3 ). It is apparent that variation between 295 different plant species' morphology is much more defined than the variation within 296 each plant species, however the proximity of the points representing the N. exaltata 297 bostoniensis samples to the N. cordifolia duffii samples suggests a relatively higher 298 degree of similarity between these two species. Despite their similar morphology, 299 these two species performed quite differently, thus the traits that account for these 300 differences in morphology may be important indicators of PM phytoremediation 301 capability.
302
The nMDS findings were confirmed through ANOSIM (global R=0. may have accounted for these differences, and thus potentially it's greater ability to 311 filter PM when used in the green walls. 312 Statistically significant differences in plant morphology were observed 313 amongst the different plant species (Table 2) 
327
Visual inspection of plant root structure showed clear differences among the 328 roots of different plant species (Figure 4) . N. exaltata bostoniensis and N. cordifolia 329 duffii had dense, matted fibrous roots. C. orchidastrum had few roots with a moderate 330 diameter that were further characterised with thicker nodules and finer fibrous roots. 331 N. glabra also had a short fibrous roots system with a much smaller biomass than all 332 other plant species. S. amate and S. arboricola had branching root systems with roots 333 that had a much larger diameter than the other measured species, whilst F. lyrata had 334 a combination of branching roots with fibrous components.
335
The biofilters containing the different plant species recorded different pressure 336 drops (Table 2) were the higher performing species in terms of SPRE, likely due to a concentration of 382 root biomass towards the surface of the substrate resulting from rhizomatous root 383 growth. This root growth led to a dense mat of roots and compressed substrate that 384 likely increased filtration efficiency and also pressure drop in these treatments (see 385 Figure 4c ). While N. glabra also exhibited a shallow fibrous root structure, the 386 substantially lower root biomass of this species was insufficient to significantly 387 modify the substrate structural properties, and resulted in this species having a 388 comparatively low SPRE across several PM fractions. In contrast, the eudicot species 389 S. arboricola, S. amate, and F. lyrata, do not exhibit strong rhizomatous growth; 390 rather they produce secondary root growth (thickening) and form relatively large 391 diameter lateral roots from their taproot. Although these three species had the highest 392 dry root weights in this respective order, it is likely that their root structure, 393 characterised by fewer, thicker roots, did not alter the substrate structure in the same 394 manner as the more fibrous roots of N. exaltata bostoniensis, N. cordifolia duffii and 395 C. orchidastrum. Their root structures, characterised by low-density distribution 396 throughout the depth of the substrate and not constrained to a dense concentration 397 near the biofilter surface most likely lead to their lower filtration efficiencies.
398
Although this interpretation is supported by the influence of pressure drop on 399 TSP SPRE, it is not currently understood how the combined effects of root 400 competition, gravitropic root growth and proximity to local conditions, such as 401 irrigation and light, influence plant root structure when grown in a vertically aligned 402 substrate [43] . These effects appeared to be stronger in the tree species S. 
